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of	the	No-DOC	control,	and	Pearson’s	correlation	coefficient	(r)	was	calculated	between	bioavailable	Hg	and	DOM	bioavailability,	as	well	the	molecular	structure,	and	elemental	C	and	S	compositions	at	each	Hg/DOM	ratio	using	XLSTAT.	The	strength	of	correlations	were	determined	based	on	Evans	(1996)	and	highlighted	on	each	graph	as	follows:		Very	weak	 0.00	–	0.19	Weak	 	 0.20	–	0.39	Moderate	 0.40	–	0.59	Strong	 	 0.60	–	0.79	Very	strong	 0.80	–	1.00		Statistical	significance	between	the	three	samples	(SR,	MR,	and	PL)	was	calculated	at	α	=	0.25	due	to	the	low	number	of	samples	(n	=	3,	typ.)	for	each	Hg:DOC	ratio	using	a	one-way	analysis	of	variance	(ANOVA)	and	post-hoc	analysis	using	the	Tukey	HSD	test.		The	hypothesis	(H1)	stated	that	there	is	a	statistically	significant	difference	between	the	mean	induced	luminescence	by	E.	coli	in	SR,	MR,	and	PL,	at	each	Hg:DOC	ratio,	and	the	null	hypothesis	(H0)	was	that	there	is	no	statistically	significant	difference	between	the	mean	induced	luminescence	by	E.	coli	in	SR,	MR,	and	PL,	at	each	Hg:DOC	ratio.	 	
Results		The	means,	maximums,	and	minimums,	of	the	induced	response	of	the	bioreporters	in	the	No	DOC	Control	were	plotted	(see	Fig.	1),	as	well	as	the	response	of	the	bioreporters	in	the	three	DOM	samples	(see	Fig.	2).	Fig.	1	shows	the	response	of	the	bioreporters	in	1	ng	Hg	mL-1	was	highly	variable,	even	including	data	within	the	range	of	0	DOC.	This	was	due	to,	the	first	attempt	at	the	assay	in	1	ng	Hg	and	0.01	mg	C,	(100	ng	Hg	mg-1	C),	which	failed	to	induce	luminesce	in	any	of	the	variables	by	60	minutes,	at	which	time	the	trial	was	abandoned.	Due	to	this	inconsistent	detection	of	Hg	in	1	ng	Hg,	as	well	as	the	high	variability	of	the	response	(see	also	Fig.	2),	results	from	all	assays	in	1	ng	Hg	were	excluded	from	interpretation	and	further	discussion.	Figure	2	illustrates	a	high	percent	of	bioavailable	Hg	at	the	highest	Hg:DOC	ratios	(700	and	300	ng	Hg	mg-1	C)	where	DOC	concentrations	are	
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lowest,	decreased	bioavailable	Hg	at	the	intermediate	Hg:DOC	ratios	(70	and	30	ng	Hg	mg-1	C),	and	an	increase	in	bioavailable	Hg	at	the	lowest	ratios	and	therefore	the	highest	DOC	concentrations	(7	and	3	ng	Hg	mg-1	C)	for	MR	and	PL,	but	a	continued	decrease	in	Hg	bioavailability	in	SR.			
	
Figure	1.		The	means	of	the	induced	response	of	Escherichia	coli	HMS174	pRB28	in	the	No	DOC	controls	of	the	trials,	and	error	bars	represent	the	maximum	and	minimum	responses	by	the	bioreporters.	The	data	measured	in	1	ng	Hg	mL-1	was	observed	to	be	highly	variable	and	included	one	trial	for	which	mercury	failed	to	induce	luminescence	altogether.		
	
Figure	2.	Hg	bioavailability	expressed	as	the	mean	percent	(n=3,	typ.)	of	the	No	DOC	control	in	assays	of	different	Hg/DOM	ratios	(ng	Hg	g-1	C),	for	the	three	DOM	standards:	Suwanee	River	NOM	(SR),	Mississippi	River	NOM	(MR),	and	Pony	Lake	Fulvic	Acid	(PL).				
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Figure	3.	Similar	to	Figure	2,	except	the	x-axis	is	on	a	log	scale	and	results	exclude	data	in	1	ng	Hg	mL-1,	this	figure	shows	the	mean	values	of	Hg	bioavailability,	expressed	as	the	percent	of	the	response	of	the	No-DOC	control,	for	the	three	DOM	standards:	Suwanee	River	NOM	(SR),	Mississippi	River	NOM	(MR),	and	Pony	Lake	Fulvic	Acid	(PL).	Error	bars	represent	+/-	standard	deviations,	and	those	that	are	not	visible	are	hidden	by	the	data	marker.				 The	results	plotted	on	a	log	scale	(see	Fig.	3)	revealed	trends	in	the	percent	induced	luminescence.	For	example,	at	the	highest	Hg:DOC	ratios	(the	lowest	DOC	concentrations)	luminescence	was	just	below		100%	(at	700	ng	Hg	mg-1	C)	with	a	slight	increase	to	100%	(at	300	ng	Hg	mg-1	C).	The	values	declined	to	near	50%	at	the	median	Hg:DOC	ratios	(at	70	and	30	ng	Hg	mg-1	C),	then	declined	again	to	near	20%	at	the	lowest	Hg:DOC	ratios	(the	highest	DOC	concentrations,	7	and	3	ng	Hg	mg-1	C).	The	percent	induced	luminescence	in	both	of	the	MR	and	PL	samples	shared	similar	patterns,	such	that	at	the	highest	Hg:DOC	ratios	they	were	near	100%,	decreased	to	approximately	75%	at	the	median	Hg:DOC	ratios,	then	slightly	increased	to	near	80%	at	the	lowest	Hg:DOC	ratios.	As	shown	in	Tbl.	2,	the	means	were	significantly	different	between	all	three	DOM	samples	only	at	the	Hg:DOC	ratio	of	3	ng	Hg	mg-1	C	as	determined	by	a	one-way	ANOVA	(F(2,6)	=	55.36,	p	<	0.001).		
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Table	2.	The	means	and	standard	deviations	(SD)	of	the	assay	results,	indicating	the	%	of	bioavailable	Hg	as	compared	to	the	No-DOM	control,	expressed	as	%	luminescence	min-1.	Statistical	analyses	results	of	ANOVA	and	post-hoc	Tukey	HSD	tests	are	presented	to	illustrate	significant	differences	between	the	three	standards	at	each	Hg:DOC	ratio.				
				
	
Figure	4.	Calculated	DOM	bioavailability	(as	per	Eqn.	1)	of	the	three	DOC	samples.	
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As	shown	in	Fig.	4,	SR	DOM	was	calculated	to	be	the	most	recalcitrant	(-14.19	μg	biomass	growth	mg-1	DOC),	MR	slightly	less	recalcitrant	(-10.70	μg	biomass	growth	mg-1	DOC),	and	PL	was	calculated	to	be	labile	(19.82	μg	biomass	growth	mg-1	DOC).		Fig.	5	showed	that	none	of	the	correlations	between	bioavailable	Hg	and	the	Hg:DOC-structure,	including	Hg:carbonyl,	Hg:carboxyl,	Hg:aromatic,	Hg:aliphatic,	and	Hg:acetal	groups,	were	statistically	significant.	This	was	determined	by	the	Pearson’s	correlation	coefficients	(r)	and	p-values	at	3	ng	Hg	mg-1	C,	the	only	Hg:DOC	concentration	to	include	three	significantly	different	bioavailable	Hg	(%).		As	shown	in	Fig.	6,	the	patterns	of	Hg	bioavailability	and	bioavailable	DOM	–	as	calculated	using	Eqn.	1	–	among	the	three	DOM	samples	at	3	ng	Hg	mg-1	C	were	also	compared.	The	correlation	coefficient	revealed	no	apparent	statistical	significance	between	these	variables	either	(r	=	0.18,	p	=	0.03).		Fig.	6	shows	the	overall	results	of	Hg	bioavailability	plotted	against	the	Hg:S	(a)	and	Hg:C	(b)	content	of	the	DOM	standards	with	the	calculated	line	of	best	fit	(R2).	The	Hg:C	ratio	appears	to	have	a	stronger	linear	(polynomial)	relationship	to	Hg	bioavailability	(R2	=	0.33647)	than	Hg:	S	(R2	=	0.28453),	with	the	general	trend	showing	an	increase	in	Hg	bioavailability	near	the	middle	of	the	range	of	Hg:DOC	ratios.	When	the	correlation	coefficients	(r)	were	calculated	between	Hg	bioavailability	and	Hg:S	among	the	3	DOM	standards	at	the	Hg:DOC	ratio	of	3	ng	Hg	mg-1	C	(Fig.	6),	it	was	shown	to	be	negatively	correlated	and	statistically	significant	at	α	=	0.25	(r	=	-9.42,	p	=	0.217).		
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Figure	5.	Scatter	plots	of	the	assay	results	of	Hg	bioavailability	vs.	Hg:DOC-structure,	including	carbonyl,	carboxyl,	aromatic,	aliphatic,	and	acetal	groups	(a-e,	respectively).	Data	points	are	from	assays	with	the	Hg:DOC	ratio	of	3	ng	Hg	mg-1	C,	and	the	x-axis	increases	the	relative	DOC	concentration	from	left	to	right.	Trendlines,	line	equations,	and	coefficients	of	determination	(R2)	were	calculated	in	Microsoft	Excel	as	2nd	order	Polynomials.					
	
Figure	6.	Bioavailable	Hg	vs.	a)	the	Hg:Bioavailable-DOM	ratio,	and	b)	Hg:S-content	of	the	three	DOM	samples	as	compared	to	the	no	DOC	control.	Data	points	are	from	the	assays	with	the	Hg:DOC	ratio	of	3	ng	Hg	mg-1	C,	and	the	x-axis	is	increasing	S	content	from	left	to	right.		
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Optical	Properties	(Absorbance):	Correlation	coefficients	(r)	calculated	for	the	relationship	between	Hg	bioavailability	and	the	estimated	aromaticity	of	the	three	DOM	standards	(SUVA254),	as	well	as	the	estimated	MW	between	all	3	DOM	standards	(Tbl.	3),	determined	no	statistically	significant	correlations.	At	low	DOC	concentrations	(Hg:DOC	ratios	of	700	and	300	ng	mg-1	C),	the	correlations	of	Hg	bioavailability	to	SUVA254	,	which	is	the	estimated	aromaticity	(r	=	0.930	–	0.816,	p	=	0.239	–	0.392,	respectively)	and	MW	(r	=	-0.731	–	0.170,	p	=	0.478	–	0.891,	respectively)	were	variable	and	inconsistent	than	at	higher	DOC	concentrations,	and	were	not	determined	to	be	significantly	significant.	At	the	Hg:DOC	ratios,	from	70	to	3	ng	mg-1	C,	correlations	between	Hg	bioavailability	were	not	determined	to	be	significantly	significant	with	SUVA254	(r	=	-0.549	–	-0.230,	p	=	0.630	–	0.852,	respectively),	or	with	MW	(r	=	-0.519	–	-0.780,	p	=	0.653	–	0.431,	respectively).			
Table	3.	The	Pearson	correlation	coefficients	(r),	p-values,	and	the	coefficients	of	determination	(R2)for	the	relationship	of	Hg	bioavailability	with	aromatic	content	(IHSS,	2016),	estimated	aromaticity	as	determined	by	absorbance	(SUVA254),	and	molecular	weight	(-SSR)	at	each	Hg:DOC	ratio.		
		
	
Optical	Properties	(Fluorescence,	EEMS):	Pearson’s	r	calculated	for	Hg	bioavailability	among	the	3	DOM	standards	and	several	EEMS	peaks	(Tbl.	4)	determined	no	significant	correlations	with	any	of	the	peaks	at	either	700	or	300	ng	Hg	mg-1	C,	or	from	70	to	3	ng	Hg	mg-1	C.		
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Table	4.	The	Pearson	correlation	coefficients	for	the	relationship	of	Hg	bioavailability	with	excitation	emission	matrices	(EEMS)	peaks	of	the	three	DOM	samples.		
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Discussion	
Reliability	of	Results	This	study	aimed	to	better	understand	the	Hg-DOC	interactions	as	related	to	Hg	bioavailability,	and	as	such,	it	is	important	to	first	address	the	reliability	of	the	assay	results.	One	assay	of	the	bacterial	cultures	in	1	ng	Hg	mL-1	(5	nM	Hg)	and	0.01	mg	C	(100	ng	Hg	mg-1	C),	resulted	in	no	luminescence	in	any	of	the	DOM	treatments	or	the	0	DOM	control,	yet	all	other	trials	in	this	Hg	concentration	resulted	in	measurable	luminescence.	In	addition,	while	all	other	trials	in	1	ng	Hg	mL-1	did	result	in	measurable	luminescence,	the	results	showed	a	very	high	rate	of	increased	luminescence	by	MR	(147.4%),	an	indicator	of	high	variability	and	inconsistency.	As	such,	induced	luminescence	in	1	ng	Hg	mL-1	(5	nM	Hg)	appears	to	meet	the	EPA’s	criteria	of	the	method	detection	limit	(MDL)	by	our	bioreporter,	which	is	the	minimum	concentration	that	can	be	measured	and	reported	with	99%	confidence	that	it	exceeds	zero,	from	a	minimum	of	seven	measurements	(Zhang,	2007).	However,	it	does	not	meet	the	definition	of	practical	quantitation	limit	(PQL),	which	is	defined	by	Zhang	(2007)	to	be	the	lowest	concentration	of	analyze	that	can	be	reliably	measured	during	routine	operating	conditions.	Induced	luminescence	in	3	and	7	ng	Hg	mL-1	(15	and	35	nM	Hg,	respectively)	did	luminesce	consistently	throughout	the	experiment.	Therefore,	caution	was	exercised	in	interpreting	results,	and	all	trials	in	1	ng	Hg	mL-1	(100,	10,	and	1	ng	Hg	mg-1	C)	were	excluded	from	the	interpretations	and	discussion	of	observed	patterns	in	the	cellular	uptake	of	Hg.		
Hg	Bioavailability	as	Related	to	DOM	Bioavailability	(as	determined	by	Elemental	
Composition)	Hg	bioavailability	trends	in	MR	and	PL	were	similar	and	without	statistically	significant	differences	than	the	trend	of	Hg	bioavailability	in	SR,	such	that	Hg	bioavailability	
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decreased	in	SR	as	the	relative	DOC	concentration	increased.	Yet	in	both	MR	and	PL,	Hg	bioavailability	was	similarly	high	in	the	lowest	(700	and	300	ng	Hg	mg-1	C)	and	in	the	highest	(7	and	3	ng	Hg	mg-1	C)	relative	DOM	concentrations,	demonstrating	Hg	to	be	least	bioavailable	in	both	MR	and	PL	in	the	median	DOC	concentrations	(70	and	30	ng	Hg	mg-1	C).		It	was	expected	that	DOC	would	facilitate	Hg	uptake,	but	the	statistical	confidence	levels	(p	values)	indicated	the	lack	of	significance	between	the	moderate	to	strong	positive	correlations	between	bioavailable	Hg	and	the	calculated	bioavailable	DOC	from	70	to	3	ng	Hg	mg-1	C	ratios	(p	=	0.505	–	0.180),	and	therefore	it	was	difficult	to	suggest	that	Hg	uptake	was	facilitated	by	DOC.	However,	at	the	lowest	DOC	concentrations,	(Hg:DOC	=	700	and	300	ng	Hg	mg-1	C)	the	high	percent	of	Hg	taken	up	by	the	bioreporter	in	all	three	DOM	standards	suggests	that	there	was	a	very	high	amount	of	free	Hg	(not	bound	to	DOC)	which	was	then	taken	into	the	bacterial	cells.		When	DOC	concentrations	were	one	order	of	magnitude	higher	(Hg:DOC	=	70	and	30	ng	Hg	mg-1	C),	the	statistically	significant	decrease	in	Hg	bioavailability	in	all	three	samples	suggested	an	increased	percent	of	Hg	was	bound	to	the	DOM,	and	therefore,	without	DOC	facilitating	the	uptake	of	Hg,	it	was	less	bioavailable.	At	the	highest	DOC	concentrations	(Hg:DOC	=	7	and	3	ng	Hg	mg-1	C),	the	very	different	reactions	by	the	bioreporters	suggested	that	most	Hg	was	bound	to	recalcitrant	DOM	in	the	SR	standard,	and	the	increased	Hg	bioavailability	in	MR	and	PL	from	the	lower-DOC	concentrations	suggest	Hg	uptake	was	facilitated	by	DOM,	thereby	Hg	may	have	been	bound	to	more	labile	DOM.	However,	if	Hg	uptake	was	facilitated	by	DOC,	the	bioreporters	in	the	MR	sample	should	have	reacted	similarly	to	SR,	rather	than	to	PL	due	to	it	also	being	calculated	as	recalcitrant	(Fig.	4).	This	also	supports	the	conclusion	that	DOM	bioavailability	and	hence	facilitated	uptake,	does	not	explain	Hg	lability,	which	prompted	examination	of	other	relationships	between	bioavailable	Hg	and	DOM,	such	as	molecular	structure,	S-content,	and	optical	properties.	
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Hg	Bioavailability	as	Related	to	Molecular	Structure	
	 At	700	ng	Hg	mg-1	C,	correlations	between	bioavailable	Hg	and	the	Hg:molecular	moieties	(structural	components)	ranged	from	very	weak	to	very	strong,	and	were	often		different	from	the	correlations	at	300	ng	Hg	mg-1	C.	The	strongest,	and	most	consistent	correlations	existed	between	bioavailable	Hg	and	carboxyl,	carbonyl,	aromatic,	and	aliphatic	moieties	from	70	up	to	3	ng	Hg	mg-1	C.	Both	carboxyl	and	carbonyl	groups	can	be	either	aliphatic	or	aromatic,	and	Hg	(as	well	as	other	metals)	will	bind	to	either	(Maranger	and	Pullin,	2003);	therefore,	we	may	not	be	able	to	generalize	the	bioavailability	of	these	two	DOM	moieties	for	the	purposes	of	this	study.	But	when	discussing	the	bioavailability	of	different	molecular	structures,	it	is	known	that	aromatic	compounds	are	recalcitrant,	and	aliphatic	compounds	labile,	which	potentially	demonstrates	the	importance	of	DOM	molecular	structure	on	the	bioavailability	of	Hg	as	it	should	with	DOM	bioavailability,	and	would	then	take	precedence	over	the	calculated	DOM	bioavailability,	which	is	based	on	elemental	composition	alone.		It	should	be	noted	that	statistical	significance	was	determined	at	α	=	0.25,	a	high	cut-off	value	which	was	reasoned	to	be	used	here	due	to	the	small	sample	size	(n=3,	typ.),	but	was	also	recognized	for	a	high	risk	of	Type	I	error.	Finally,	as	DOM	bioavailability	did	not	explain	Hg	bioavailability,	the	elemental	composition	of	DOM	was	explored	further,	specifically,	the	S-content.	
	
Hg	Bioavailability	as	Related	to	S-content	Strong	Hg-thiol	bonds	were	expected	in	all	of	the	Hg:DOC	ratios	of	this	study,	as	is	predicted	when	Hg:DOC	ratios	are	less	than	1	μg	Hg	mg-1	C	(Haitzer	et	al.,	2003).	As	shown	in	Fig.	6,	the	negative	correlation	between	Hg	bioavailability	and	Hg:S	content	of	DOM	at	3	ng	Hg	mg-1	C	was	strong	(r	=	-0.942,	p	=	0.217).	At	this	Hg:C	ratio,	the	sulfide	groups	have	
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potentially	been	saturated	with	Hg2+	bonds,	and	the	remaining	sulfur	moieties	do	not	have	such	strong	affinity	for	metals.	As	the	DOM	concentration	increases,	perhaps	the	strong	affinity	of	sulfides	to	Hg2+	creates	an	environment	where	Hg2+	is	being	pulled	from	one	functional	group	to	another,	and	during	this	struggle,	Hg2+	is	somewhat	more	bioavailable.	Or,	more	likely	as	Manceau	et	al.	(2015)	has	shown,	small	concentrations	of	HgS	forms	in	oxic	environments	through	the	reaction	with	Hg-thiol	moieties	of	DOM,	a	reaction	which	may	increase	at	the	higher	DOM	concentrations,	thereby	increasing	the	bioavailability	of	Hg2+	with	the	highly	bioavailable	HgS.	Whereas	at	the	lowest	DOC	concentrations	(700	and	300	ng	Hg	mg-1	C)	,	the	high	%	of	bioavailable	Hg	is	likely	due	to	the	excess	concentration	of	Hg2+	as	compared	to	DOC,	which	could	explain	the	high	variance	and	nearly	opposite	effect	on	Hg	bioavailability	as	compared	to	the	higher	Hg:DOC	ratios.	The	increased	bioavailability	at	lower	Hg:S	ratios	does	agree	with	the	findings	of	Zhong	and	Wang	(2009),	where	in	lower	Hg:S	ratios	(higher	S	concentrations),	sulfur	decreased	the	bioavailability	of	Hg.	It	would	be	helpful	to	determine	the	thiol	content	(specifically	cystein)	of	each	of	the	DOM	standards	and	analyze	correlations	to	bioavailable	Hg2+.		Should	SR	contain	less	cystein	than	MR	and	PL,	it	may	explain	the	decreasing	bioavailable	Hg2+	as	DOM	increases.		
Optical	Properties		 At	the	lowest	DOC	concentrations	(Hg:DOC	ratios	of	700	and	300	ng	Hg	mg-1	C),	correlations	between	Hg	bioavailability	and	absorbance	properties	used	to	estimate	MW	and	aromaticity,	similar	to	all	other	independent	variables	discussed	prior,	were	highly	variable	and	inconsistent.		However,	even	at	the	higher	DOC	concentrations	(Hg:DOC	ratios	from	70	to	3	ng	Hg	mg-1	C),	no	statistically	significant	correlations	were	detected	between	Hg	bioavailability	and	MW	or	SUVA254.	Correlations	between	Hg	bioavailability	and	SUVA254	(Tbl.	5)	should	
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have	at	least	been	consistent	with	the	correlation	results	with	aromatic	composition	(Fig.	5)	as	estimated	through	13C	NMR	by	IHSS,	but	they	were	not.	SUVA254	correlation	coefficients	(r)	were	much	weaker	and	p	values	much	higher.	As	such,	using	SUVA254	would	likely	be	a	poor	tool	to	use	in	assisting	with	predictions	of	Hg	bioavailability	without	greatly	overstating	the	confidence	of	statistical	significance,	and	similarly,	the	same	may	be	true	for	the	fluorescence	properties	of	DOM.		 The	fluorescence	EEMS	were	examined	as	a	potential	quick	and	economic	tool	for	predicting	Hg	bioavailability.	The	most	common	fluorescence	excitation	emission	matrices	(EEMS)	peaks	all	showed	potentially	strong	positive	correlations	to	Hg	bioavailability,	yet	some	of	these	EEMS	apparently	suggest	different	sourced	DOM	(allochthonous	vs.	autochthonous)	and	different	MW	(high	vs.	low).		Furthermore,	the	statistical	confidence	in	any	correlations	was	lacking,	as	p	values	were	highly	variable	and	often	exceeded	our	α	value	of	0.25	(Tbl.	4).	These	results	did	not	support	the	findings	of	other	studies	that	suggest	allochthonous	DOM	increases	Hg2+	bioavailability	(Hammerschmidt	et	al.,	2008).	Therefore,	using	fluorescence	optical	properties	have	shown	not	to	be	a	useful	tool	for	predicting	Hg	bioavailability.			
Conclusion	With	the	very	small	sample	sizes	(3	DOM	samples),	the	strength	of	the	statistical	significance	was	likely	compromised,	yet	the	results	suggest	possible	strong	negative	correlations	between	Hg	bioavailability	and	Hg:S.	At	the	highest	relative	C	concentration	of	3	ng	Hg	mg-1	C,	Hg	bioavailability	was	best	be	explained	by	the	sulfur	content,	more	specifically	by	the	Hg:S	ratio.	It	is	our	recommendation	to	continue	similar	studies	with	additional	freshwater	samples	in	order	to	increase	the	statistical	power	of	correlation	analyses	between	bioavailable	Hg	and	DOM	S-content.	It	would	also	be	very	useful	to	run	
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parallel	assays	with	the	addition	of	sulfides	to	better	understand	the	effects	of	Hg-DOM-S	complexes	on	Hg	bioavailability,	as	well	as	determine	the	structures	of	the	sulfur	compounds	(i.e.	sulfides	and	thiols).			
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